Caloric restriction (CR) is the most potent nonpharmacological intervention known to both protect against carcinogenesis and delay aging in laboratory animals. There is a growing number of anticarcinogens and CR mimetics that activate NAD(P)H:quinone oxidoreductase 1 (NQO1). We have previously shown that NQO1, an antioxidant enzyme that acts as an energy sensor through modulation of intracellular redox and metabolic state, is upregulated by CR. Here, we used NQO1-knockout (KO) mice to investigate the role of NQO1 in both the aging process and tumor susceptibility, specifically in the context of CR. We found that NQO1 is not essential for the beneficial effects of CR on glucose homeostasis, physical performance, metabolic flexibility, life-span extension, and (unlike our previously observation with Nrf2) chemical-induced tumorigenesis.
Caloric restriction (CR) is among the nutritional strategies that has advanced our understanding of the biology of aging. Although it shares many of the beneficial outcomes as other forms of fasting [ie, intermittent fasting (IF) or fast-mimicking diets (FMD)], CR still constitutes the most powerful mediator at slowing the aging process and improving survival in laboratory animals. CR is associated with a drastic reduction in body weight and central adiposity with concomitant increases in insulin sensitivity and anticancer protection. Anti-inflammatory benefits and improvements in metabolic flexibility, stem cell function, and DNA repair are among the physiological effects stemming from CR intervention (1) . At the cellular level, CR triggers an increase in the plasticity and efficiency of mitochondrial bioenergetics (2, 3) . Mitochondrial biogenesis, stress resistance, regulation of molecular chaperones, and proteostasis represent other outcomes that are positively impacted by CR at the transcriptional level. Overall, CR constitutes a highly attractive model for studying the association of genes with the metabolic regulation of aging (4) in the context of interventions intended to modulate health and longevity.
CR mimetics and other forms of fasting (including CR) activate nuclear factor E2-related factor-2 (Nrf2) (5) (6) (7) (8) , a transcription factor whose binding to the antioxidant response element (ARE) present in the promoter of genes confers cytoprotection against prooxidant stimuli and inflammatory stressors. Activation of the Nrf2-ARE pathway also regulates energy metabolism and may play a role in regulating species longevity (8) (9) (10) . However, the CR-mediated increase in maximum life span in mice could not be linked to Nrf2, despite its ability to confer significant anticarcinogenic protection in CR-fed mice (11) . Thus, the nature of the Nrf2 target genes involved in longevity, metabolic control and cancer protection remains poorly defined.
NAD(P)H:quinone oxidoreductase 1 (NQO1), is an FADdependent flavoprotein, catalyzes a two-electron reduction of various quinones using NADH or NADPH as a cofactor (12) . It is presently a target of current therapeutic strategies that aim to delay aging or counteract age-related diseases. Cross-sectional studies have shown a differential change of NQO1 expression and activity with chronological age, and strategies targeting NQO1 activity have been employed to delay aging and age-related metabolic diseases (13) (14) (15) (16) (17) . Malfunction of NQO1 has been directly linked to age-associated diseases (18) (19) (20) , and mice lacking NQO1 show increased sensitivity to a skin carcinogenesis model (21, 22) . Likewise, the C609T (Pro187Ser) null polymorphism of the NQO1 gene is associated with increased risk of complications related to metabolic syndrome (23, 24) , development of Alzheimer's disease (25) , and overall risk of cancer (26) . These findings place NQO1 as an energy sensor that promotes longevity. Although NQO1 is a known transcriptional target of Nrf2, the degree to which NQO1 exerts its physiological and antitumorigenic functions independently of its upstream regulator, Nrf2, needs clarification.
The main focus of the study was to elucidate the role of NQO1 in the aging process, particularly in the context of CR, and to dissociate its effect from Nrf2. In order to achieve this goal, we performed a comprehensive physiological study in NQO1-KO male mice versus littermate (LM) controls, focusing on the main features of CR that included life-span extension, glucose homeostasis, physical performance, and tumor protection.
Methods

Animals
NQO1-knockout (KO) mice were received in a mixed background and were backcrossed (N10) on C57BL/6 background. Littermate male control and NQO1-KO mice on C57BL/6 background were housed at the Gerontology Research Center (Baltimore, MD). Mice had free access to house chow (NIH-31 diet; #T.7917.15, Envigo, Indianapolis, IN) and tap water, and were fed ad libitum (AL). Animal rooms were maintained at 20-22°C with 30-70% relative humidity and a 12-h light/dark cycle. All animal protocols were approved by the Animal Care and Use Committee (352-TGB-2018) of the National Institute on Aging.
Survival Study
Male LM and NQO1-KO mice were housed in cages of two to four animals with AL access to house chow until 30-40 weeks of age. Mice were then randomly assigned to AL or 40% CR groups. At baseline, there was no difference in bodyweight between the two groups. Bodyweight and food intake were monitored biweekly. Survival curves were plotted by using the Kaplan-Meier method using SigmaStat 3.5 (Systat Software Inc., San Jose, CA). Criteria for euthanasia were based on an independent assessment by a veterinarian, according to AAALAC guidelines, and only cases where the condition of the animal was considered incompatible with continued survival are represented in the curves. A total of nine animals were censored in the life-span study (1 ALLM, 4 CRLM, and 4 CRKO). (Total animals at start of the study: ALLM: n = 31, CRLM: n = 33, ALKO: n = 30, and CRKO: n = 30).
Two-Stage Carcinogenesis
An independent cohort of male LM and NQO1-KO mice were maintained on the house chow until 20 weeks of age and were thereafter divided into AL and 40% CR groups before being single-housed. The two-stage carcinogenesis model was performed in this cohort of mice as previously described (11) . Briefly, after 5-6 weeks of CR, mice were treated with a single dose of 25 μg of the tumor initiator 7,12-dimethyl-benz(a)anthracene (DMBA) dissolved in 100 μL of acetone. Tumor promotion with 12-O-tetradecanoyl phorbol-13-acetate (TPA) (4 μg dissolved in 100 μL of acetone) treatment began 2 weeks after DMBA initiation and continued twice weekly until at least one papilloma with a radius 1 mm was recorded for tumor incidence data (ALLM: n = 11, CRLM: n = 13, ALKO: n = 9, and CRKO: n = 11). A subset of mice was sacrificed after 36 weeks of DMBA/TPA treatment for immunoblotting.
Body Composition
Lean, fat, and fluid mass were acquired by nuclear magnetic resonance (NMR) using the Minispec LF90 (Bruker Optics, Billerica, MA). 
Metabolic Assessment
Activity and metabolism measurements were assessed by indirect calorimetry in open-circuit oxymax chambers using the Comprehensive Animal Metabolic Monitoring System (CLAMS; Columbus Instruments, Columbus, OH) as previously described (27) . (12 months; ALLM: n = 12, CRLM: n = 12, ALKO: n = 8, and CRKO: n = 8; 18 months; ALLM: n = 12, CRLM: n = 11, ALKO: n = 12, and CRKO: n = 11; 24 months; ALLM: n = 12, CRLM: n = 12, ALKO: n = 12, and CRKO: n = 12).
Behavioral and Physical Performance Tests
Full methodological details of fear conditioning (5 months: n = 12 per genotype), open field (12 months; ALLM: n = 12, CRLM: n = 11, ALKO: n = 12, and CRKO: n = 11; 18 months; ALLM: n = 12, CRLM: n = 9, ALKO: n = 12, and CRKO: n = 8; 24 months; ALLM: n = 9, CRLM: n = 7, ALKO: n = 10, and CRKO: n = 7), rotarod, and wirehang (12 months; ALLM: n = 12, CRLM: n = 11, ALKO: n = 12, and CRKO: n = 12; 18 months; ALLM: n=12, CRLM: n = 8, ALKO: n = 12, and CRKO: n = 8; 24 months; ALLM: n = 9, CRLM: n = 7, ALKO: n = 10, and CRKO: n = 7) are described in Supplementary Material.
Serum Markers and Glucose Homeostasis
Plasma concentrations of corticosterone were measured using a kit according to the manufacturer's instructions (MP Biomedicals, Orangeburg, NY) (12-month-old: n = 5 per group). At 12 months of age, plasma concentrations of cholesterol, high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides were measured using the COBAS INTEGRA 400 automated analyzer (Roche Diagnostics, Indianapolis, IN) (n = 8 per group). Fasted insulin was measured in serum using an enzyme-linked immunosorbent assay (Crystal Chem., Downers Grove, IL) according to the manufacturer's instructions (12 months; ALLM: n = 12, CRLM: n = 11, ALKO: n = 12, and CRKO: n = 11; 18 months; ALLM: n = 13, CRLM: n = 10, ALKO: n = 12, and CRKO: n = 8; 24 months; ALLM: n = 8, CRLM: n = 8, ALKO: n = 8, and CRKO: n = 8). Fasted blood glucose was measured using an Ascensia Elite glucose meter (Bayer, Mishawaka, IN). For oral glucose tolerance test (OGTT), after an overnight fast, mice received an oral dose of 2 g/kg of glucose (Sigma-Aldrich, St. Louis, MO) by gavage and blood glucose was measured at 0, 15, 30, 60, and 120 min after glucose administration. (12 months; ALLM: n=12, CRLM: n = 12, ALKO: n = 12, and CRKO: n = 12; 18 months; ALLM: n = 12, CRLM: n = 11, ALKO: n = 12, and CRKO: n = 8; 24 months; ALLM: n = 7, CRLM: n = 8, ALKO: n = 6, and CRKO: n = 7).
Histology
Mice were euthanized and organs fixed for histological analysis in 4% paraformaldehyde. Tissues were embedded in paraffin and stained with hematoxylin and eosin. Pathology was scored by a qualified pathologist blinded to diet and genotype group.
Immunoblotting
Separation of mouse liver extracts for the detection of specific proteins was carried out according to standard procedures as described in the Supplementary Material. The primary antibodies used in this study are presented in Supplementary Table 1 (n = 4-7 per group).
Analysis of Oxidative Markers
Protein carbonyl levels were determined by 2,4-dinitro-phenylhydrazine (DNPH) derivatization. Briefly, two aliquots of 20 μg of protein were prepared; one was used as a negative control, and the other one was treated with 2,4-dinitrophenylhydrazine using an OxyBlot kit (Millipore, Billerica, MA). Proteins were separated by SDS polyacrylamide gel electrophoresis, transferred to nitrocellulose membranes, and stained with Ponceau S. The derivatized products were then detected by immunoblotting using an antirabbit DNP antibody, as described by the manufacturer. 4-hydroxynonenal (4-HNE)-modified proteins were detected by immunoblotting with an anti-4-HNE antibody (Supplementary Table 1 ).
Statistics
Data are represented as means ± standard error of the mean (SEM). Student's t-tests were used for all comparisons, unless otherwise indicated. Mortality during the survival study was assessed through the use of the log-rank test to compare the differences in Kaplan-Meier survival curves. Maximal life span was defined as the 10th percentile of mice still alive. Analyses were performed using Excel 2010 (Microsoft Corp., Redmond, WA), IBM SPSS Statistics (Amonk, NY), or SIGMASTAT 3.0 (Aspire Software International, Ashburn, VA). A p value of < .05 was considered statistically significant.
Results and Discussion
CR Improves Life span Extension and Whole-Body Physiology in NQO1-KO Male Mice
Numerous studies have consistently shown that CR increases life span in rodents (28) through mechanisms that remain poorly understood. In light of the evidence for a pro-longevity function of NQO1, we explored the role of NQO1 in life-span extension and whether the beneficial effects of CR on life span require NQO1. To test both aims, 30-40-week-old male NQO1-KO mice and LMs were placed on an AL or 40% CR diet for the remainder of their life. Although the longevity of AL-fed NQO1-KO mice on a standard AIN-93G diet was unchanged when compared with LM animals (logRank Mantel-Cox analysis, χ 2 = 3.185 and p < .74) ( Figure 1A ), CR feeding resulted in improved survival of NQO1-KO mice, with an increase in median life span of 14% (p < .0001) and in maximum life span of 13.1% (p < .002) when compared with AL-fed NQO1-KO mice [logRank Mantel-Cox analysis; p < .0001] ( Figure 1B) . While the minimal effects of CR on mean and maximal life span in LM controls (Supplementary Figure 1A) was unexpected, two potential reasons for this result are the type of diet used in this study or the fact that the control animals were LMs from the cross of two heterozygotes, thus not "true" wild-type C57BL/6 mice. The lack of response to CR has been reported earlier and it is now clear that the sex, strain, and diet are important variables that alter survival response to CR (29) (30) (31) (32) . The percentage of mice presenting major tissue pathologies upon examination at necropsy was lower in CR-fed animals of both genotypes than AL mice; however, CR diet failed to mitigate the higher rate of enlargement of proliferative tissues (ie, spleen) observed in NQO1-KO versus LM mice (Table 1) . To determine whether the CR-associated increase in the life span of NQO1-KO mice is stemming from compensation by the paralog NQO2, we conducted immunoblot analysis on whole cell liver extracts from all groups of mice. The results indicate that the hepatic NQO2 levels were not affected by either genotype or diet (CR vs AL) (Supplementary Figure 1B) . The fact that the prolongevity effect of CR does not require NQO1 suggests that the life-span extension observed in CR mice entails more than simply an upregulation of the NQO1 pathway.
As expected, mice on 40% CR weighed less than their AL-fed counterparts (regardless of genetic background), with a gradual reduction in body weight during the first 6 months and stabilization at around 55-60% of the AL-fed controls ( Figure 1C ; Supplementary Figure 1C) . The average body weight of NQO1-KO mice on AL was significantly lower than their LM, AL-fed LMs ( Figure 1D ), in agreement with a previous study by Gaikwad et al. (18) . Body weight trajectories and food consumption were markedly lower, irrespective of genotype, in response to CR ( Figure 1D and E). Twelve-month-old NQO1-KO mice on AL had a higher proportion of lean body mass with concomitant loss in fat mass when compared with LM mice (Supplementary Figure 1D and E) , which translated into a favorable lean-to-fat ratio ( Figure 1F ). In contrast, age-matched 18-and 24-month-old mice of both genotypes exhibited no significant differences in lean mass, body fat content (Supplementary Figure 1D and E), and lean-to-fat ratio ( Figure 1F ) when maintained on AL diet. Importantly, this longitudinal assessment of body composition indicated a sharp increase in lean body content and reduction in fat mass with age, irrespective of NQO1 expression. These changes in body composition, that are normally associated with aging, did not occur in LM or NQO1-KO mice under CR. This observation is in line with our recent report (32) showing no major changes in body composition during the life span of CR-fed LM mice. Body composition of 12-month-old mice on CR revealed a more substantial increase in lean mass and decrease in fat content in NQO1-KO versus LM controls (Supplementary Figure 1D and E), which was accompanied by an increase in lean-to-fat ratio in NQO1-KO animals ( Figure 1F) . However, the lean mass and fat content differences largely disappeared at 18 and 24 months of age. Thus, combined with the previous observations (32, 33) , the preservation of fat mass in CR mice at 24 months, most notably in the NQO1-KO background, might play a critical role in maximizing life span. Next, the relationship between body mass and metabolic rate was explored by evaluating in vivo metabolism and heat production in the four experimental groups of mice using the Comprehensive Lab Animal Monitoring System (CLAMS) over two dark and light cycles. Irrespective of the genotype, CR induced a significant increase in the respiratory exchange ratio (RER) during the light cycle, suggesting a preference for carbohydrate metabolism, but a reduction in RER during the dark cycle, which indicated greater reliance on fatty acid oxidation under CR conditions (Supplementary Figure 1F and G). Both groups of CR animals also exhibited a trend toward higher spontaneous locomotor activity (Supplementary Figure 1H and I) and lower heat production (Supplementary Figure 1J and K) . Despite an overall reduction in locomotor activity with age, CR-fed NQO1-KO mice were significantly more active than their LMs when measured at 12, 18, and 24 months (Supplementary Figure 1H and I ). There is controversy surrounding the notion that increased locomotor activity is a major factor contributing to extended life span in CR-fed rodents (34).
Because NQO1 plays a role in metabolism (13, 16, 18) , the impact of CR and genotype on whole-body metabolism was investigated. There was a clear age-dependent reduction in fasting insulin and blood glucose levels in all groups of mice, especially between the ages of 18 and 24 months ( Figure 1G and H). Mice on CR displayed (regardless of genotype) a significant drop in fasting insulin and blood glucose levels at 12 and 18 months of age when compared with AL-fed animals ( Figure 1G and H) . Of note, deletion of Nqo1 was accompanied by a significant reduction in fasting insulin levels in 12-month-old AL-fed mice relative to the age-matched LM mice on AL, whereas no differences in fasting glucose levels were observed ( Figure 1G and H) . Oral glucose tolerance test (OGTT) was performed to measure the mouse's ability to metabolize and clear glucose from the bloodstream. Area under the curve (AUC) calculations indicate a progressive increase in glucose clearance with age in AL-fed mice of both genotypes, while mice on CR exhibited very active glucose clearance (low AUC values) across their life span ( Figure 1I ). These data demonstrate an improvement in glucose metabolism in NQO1-KO mice at 12 months of age, and a refractoriness at later time points. A significant increase in circulating levels of corticosterone was found in 12-month-old mice of both genotypes under CR as compared to AL-fed LMs (Supplementary Figure 1L) . Moreover, the ratio of corticosterone levels between CR and AL feeding was cross-sectionally increased by 1.5-fold in NQO1-KO versus LM mice. The circulating levels of total, HDL and LDL cholesterol and triglycerides were similar in AL-fed mice of both genotypes, and CR feeding led to a significant reduction in these levels with the exception of LDL cholesterol (Supplementary Figure 1M) . Together, the collective data suggest that genetic deletion of Nqo1 does not attenuate the prolongevity effect of CR and its associated net improvement in whole-body physiology.
CR Does Not Require NQO1 for Increased Physical Performance
Various behavioral tests were performed to assess the functional effects of genotype and diet. Cued fear conditioning measures associative memory that predicts aversive events. When fed an AL diet, NQO1-KO mice had a reduced capacity for associative memory formation as compared to LM mice (Figure 2A) , which supports the results of an earlier study showing an association between altered NQO1 expression and Alzheimer's disease (35) . In open field testing, there were no differences in overall general activity and exploratory drive performance between AL-fed mice of both genotypes, whereas significant enhancement in performance was observed in 12-and 24-month-old NQO1-KO mice on CR versus AL feeding ( Figure 2B ). Similarly, age-matched, CR-fed NQO1-KO mice were significantly more active in open field testing than their LM on either diet ( Figure 2B ), consistent with the spontaneous locomotor activity in metabolic chambers (Supplementary Figure 1H and I) . At 12 months of age, NQO1-KO mice on a CR diet showed better motor function in a rotarod test compared to the LM animals on CR ( Figure 2C) . Furthermore, at 18 months of age, LM mice on CR, as well as NQO1-KO mice, performed better than LM mice on AL ( Figure 2C ). Due to the increased performance of the LM-CR mice, the difference between NQO1-KO mice on CR seen at 12 months was no longer detected. At 24 months of age, no significant differences between the groups were observed ( Figure 2C ). Moreover, mice on CR exhibited greater muscle strength, as assessed by the wire hang test, than AL-fed animals, although no differences between genotypes were noted ( Figure 2D) . Overall, the data indicate that at an early age, Nqo1 deletion is associated with impaired cognitive performance, but an increase in motor function and that these effects become less significant with age.
The Effects of CR on Carcinogenesis in LM and NQO1-KO Mice NQO1-KO mice are more susceptible to 7,12-dimethylbenz[a] anthracene (DMBA)-induced skin cancer than LMs, and CR reduces the incidence of carcinogenesis in DMBA-treated mice (11, 36) . Furthermore, humans carrying a genetic polymorphism of NQO1, which results in the loss of its oxidoreductase activity, are at increased risk for tumor development (37) (38) (39) (40) . We assessed the role of NQO1 in the antitumorigenesis properties of CR by measuring the rate of formation and growth of epidermal tumors in response to the administration of DMBA/12-O-tetradecanoyl phorbol-13-acetate (TPA) to the skin of mice. This study was performed in an independent cohort of mice from the longevity study.
Although not statistically significant (p = .07), we observed a trend that NQO1-KO mice (independent of diet) developed DMBA/TPAinduced tumors at a greater frequency than their LMs ( Table 1) . Notably, this latter observation is in contrast to our previous work with Nrf2-KO animals, where it was observed that Nrf2, which regulates NQO1 expression, is necessary for the antitumor effects of CR (11). 
NQO1 Partly Mediates the Beneficial Effects of CR on Mitochondria
Evidence indicates an important role for NQO1 in the cellular defense against oxidative stress (18, 41) . Nrf2 is an upstream regulator of NQO1, and the Nrf2-NQO1 cascade elicits mammalian longevity by promoting mitochondrial integrity and conferring protection against dysfunction of liver mitochondria (42, 43) . We next examined whether deficiency of NQO1 results in oxidative stress and mitochondrial abnormalities in the liver of animals subjected to 36 weeks of DMBA/TPA treatment on their skin. While genetic deletion of Nqo1 had a negative impact on the hepatic expression of its upstream regulator Nrf2, a significant upregulation in Nrf2 protein levels was observed in the liver of CR-fed mice irrespective of genotype ( Figure 4A and B, Supplementary Figure 2A) . Moreover, the abundance of superoxide dismutase 2 (SOD2), a mitochondrial antioxidant protein, was upregulated in LM but reduced in NQO1-KO livers in response to CR ( Figure 4A and B, Supplementary Figure 2A) . Nevertheless, we could not detect any significant differences in oxidative stress markers, as assessed by 4-HNE staining and protein carbonyl adducts formation, between diet or genotypes ( Figure 4A and B, Supplementary Figure 2A and B) . Peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC1α) is a master regulator of mitochondrial biogenesis (44), while transcription factor A (Tfam) is a key transcription factor implicated in mitochondrial biogenesis and mitochondrial DNA replication/repair (45) . Another key player in mitochondrial biogenesis and function is the mitochondrial NAD + -dependent protein deacetylase sirtuin-3 (Sirt3) (46) . The contribution of NQO1 in the expression of these three mitochondrial biomarkers was then assessed by immunoblot analysis. Compared to AL-fed LM controls, NQO1-KO livers exhibited a significant increase in PGC1α, which was also higher in CR-fed LM mice ( Figure 4C and D, Supplementary  Figure 3) , as previously reported (47) . A significant increase in abundance of Tfam and Sirt3 was observed in the liver of LM or NQO1-KO mice on CR versus their respective AL-fed counterparts, although to a lesser extent in NQO1-KO versus LM ( Figure 4C and D, Supplementary Figure 3) .
The ability of CR to promote an accumulation of PGC1α and Tfam may also affect cellular bioenergetics through stabilization of mitochondrial oxidative phosphorylation (OXPHOS) complex enzymes. The expression of known markers of several mitochondrial electron transport chain complexes was assessed in total liver lysates of the four experimental groups ( Figure 5A and B, Supplementary Figure 3B ). With the exception of complex II, CR elicited a significant increase in expression of OXPHOS complexes in LM mice. In the liver of NQO1-KO mice on AL, a significant increase in abundance of complexes III and V subunits was noted compared to AL-fed LM mice, whereas higher complex I expression was found in NQO1-KO mice on CR versus AL ( Figure 5A and B, Supplementary  Figure 3 ) in a pattern reminiscent of PGC1α and Tfam protein levels. The data suggest that NQO1 deficiency results in CR refractoriness regarding expression of several mitochondrial genes, but that these effects appear to be insufficient to result in major consequences on longevity and whole-body metabolism.
Conclusion
The results of the current study show that the longevity of NQO1-KO mice fed AL was only slightly reduced compared to LM. The youngest group of NQO1-KO mice had improved glucose metabolism coincident with an increase in motor function and cognitive impairment when compared with AL-fed LM controls. As mice aged, these differences between genotype disappeared. CR elicited life span extension and conferred beneficial effects on whole-body metabolism that were independent of NQO1 expression. Strikingly, NQO1-KO mice under CR exhibited blunted expression of some key mitochondrial genes in liver without adverse consequences on longevity and whole-body metabolism. In addition, the antitumorigenic function of CR in chemically induced skin cancer was found to be independent of NQO1 expression. These results indicate, in contrast to its transcription factor Nrf2, no separation of function for NQO1 between tumorigenesis and tissue homeostasis/organismal aging. To conclude, the mechanisms involved in CR signaling are complex and ill-defined, and it would appear that pathways unrelated to NQO1 are involved in the regulation of life span and in the reduction of protection against induced tumorigenesis.
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